Abstract: A laser diode (LD) pumped cavity-dumped 1645 nm Er:YAG laser with a kilohertz pulse repetition rate is reported for the first time. Using a cost-efficient continuous wave 48 W fibre-coupled broadband 1470 nm LD as the pumping source, an average power of 7.7 W with a pulse width of ∼10 ns was achieved at 9.5 kHz, which is the highest average power ever obtained from an LD-pumped Er:YAG pulsed laser. Moreover, a pulse peak power of ∼0.16 MW (∼1.6 mJ in energy) was reached at repetition rates of 3 kHz and lower, which is the highest pulse peak power ever obtained from an LD-pumped kilohertz Er:YAG oscillator, to the best of our knowledge. This laser has a variety of potential applications in eye-safe remote sensing and laser radars in both the near-and mid-infrared ranges Index Terms: Erbium laser, pulsed laser, diode-pumped laser, solid-state laser.
Introduction
Er:YAG lasers at the eye-safe wavelength of 1645 nm have a variety of applications in eye-safe remote sensing and laser radars, such as wind sensing [1] and trace gas sensing [2] . Er:YAG lasers are also ideal pumping sources for simultaneously generating mid-infrared wavelengths of 2.7 and 4.3 µm, which are important absorption bands for CO 2 remote sensing, via laser optical parametric oscillation (OPO) [3, 4] . All the above remote sensing and laser radar applications are important for the climate change research and prediction. A higher repetition rate, shorter pulse width, higher pulse energy and higher peak power are essential for improving the sensing rate, resolution and range of such systems. A low cost is also imperative, if provided that all of the above parameters are adequate.
A high repetition rate enables rapid measurement, especially for applications involving photoncounting detectors. The highest pulse frequencies that have been obtained to date from Er:YAG lasers are 100 kHz, which was achieved using an Er-Yb-doped fibre laser (EYDFL)-pumped gainswitched laser [5] , and 80 kHz, which was obtained from an EDFL dual-end-pumped actively Q-switched Er:YAG laser [6] . Another approach to achieving a high repetition rate is passive Q-switching. Repetition rates of several tens of kilohertz can be easily achieved using graphene [7] , a topological insulator [8] , or Co:ZnS [9] . However, the corresponding pulse energies are only on the order of micro joules, and the pulse widths are several hundreds of nanoseconds or even broader. To achieve a reasonable range resolution, a nanosecond-scale pulse width is required along with a high peak power to achieve accuracy over a long range. In the kilohertz repetition rate regime, the shortest pulse width that has been obtained from an actively Q-switched Er:YAG laser is 14.5 ns at 1.5 kHz with EDFL pumping, with a pulse energy of 3.5 mJ [6] , which is sufficient for some applications.
Since the cost of a wavelength-locked EDFL is much higher than that of a broadband laser diode (LD), the use of a LD is preferred if it can yield similar or better results. The highest reported pulse repetition rate from a LD-pumped actively Q-switched Er:YAG laser is 10 kHz, with a pulse duration and energy of 352 ns and 0.36 mJ, respectively [10] . The shortest reported pulse width from a LD-pumped Er:YAG laser is 14.5 ns at 12 Hz [11] . The highest reported average output power from a LD-pumped Er:YAG pulsed laser is ∼6.6 W at 3 kHz [12] , whereas for a high frequency LD-pumped Er:YAG laser, the highest reported peak power is ∼98 kW at 0.5 kHz [13] . Simultaneously achieving both a short pulse width and a high repetition rate with a LD-pumped Er:YAG laser has thus proven difficult. Because of the small absorption/emission cross sections and the relatively high self-absorption in the Er:YAG crystal [6] , a long distance with a high net gain in the crystal is necessary for a high output and steady operation at a high repetition rate. The narrow absorption spectra of the crystal and the broadband spectrum and large beam divergence of fibrecoupled LDs make it difficult to achieve a sufficiently long high-gain distance in the crystal. Thus, a low-brightness broadband LD usually produces a much lower gain than a wavelength-locked EDFL with a high-quality beam. Therefore, achieving a short pulse width while producing an adequately high pulse energy or peak power is difficult in LD-pumped Er:YAG lasers.
To further decrease the pulse width while maintaining a reasonable pulse energy and a high repetition rate, cavity-dumped Q-switching is one of the most promising methods [14] . The pulse width is directly related to the cavity length and thus can be easily controlled without affecting the repetition rate or the pumping power. A pulse width as short as 1.1 ns at 10 kHz with an average power of 2.2 W has been reported from an EDFL-pumped 1617 nm cavity-dumped Er:YAG oscillator with seed laser injection [14] , and 4.5 ns, 10 mJ pulses have been generated using a LD-pumped 1645 nm cavity-dumped Er:YAG laser at a repetition rate of 12 Hz [15] . However, no LD-pumped kilohertz-frequency cavity-dumped Er:YAG laser has been reported to date because extra effort must be directed towards achieving steady operation at a kilohertz repetition rate for a low-gain system with a broadband LD as the pumping source.
In this letter, we report for the first time a kilohertz cavity-dumped Q-switched Er:YAG laser operating at 1645 nm with a pulse width of ∼10 ns (full width at half maximum, FWHM), resonantly pumped by a cost-efficient broadband fibre-coupled 1470 nm LD. With a theoretically optimized end-pumping design, we achieved an average power of 7.7 W at a pulse repetition rate of 9.5 kHz, which, to the best of our knowledge, is the highest average power obtained to date from a LD-pumped Er:YAG laser at 1645 nm. In addition, a maximum pulse energy of ∼1.6 mJ, corresponding to a pulse peak power of 0.16 MW, was achieved at repetition rates of up to 3 kHz; this is the highest peak power demonstrated thus far from a LD-pumped kilohertz Er:YAG laser. Moreover, a pulse energy of ∼1.45 mJ was obtained at 5 kHz; to the best of our knowledge, this is the highest single-pulse energy ever reported for an Er:YAG oscillator with a repetition rate of 5 kHz or higher. Furthermore, the 16% conversion efficiency achieved at 7.5 kHz and 9.5 kHz is also the highest yet reported for broadband LD-pumped Er:YAG pulsed lasers. Measurements of the temporal pulse shape, pulse train, spectrum, and beam quality at the maximum output at 5 kHz are reported.
Experimental Design and Setup
A theoretical analysis was first conducted to determine the proper pumping wavelength, the optimal size and position of the pumping beam, and the crystal length. This analysis was essential for designing the system to achieve the optimal gain volume as a basis for steady operation at a kilohertz repetition rate. Laser self-absorption and up-conversion were considered in the rate equations, which were based on 16. The simulation results showed that pumping at 1470 nm would produce a higher gain in pulse generation mode than pumping at 1532 nm. Furthermore, the absorption band is wider near 1470 nm [17] , making it more suitable for low-cost broadband (wavelength unlocked) LD pumping. Because of the high re-absorption of the laser and the low absorption coefficient of the pumping source, a trade-off exists between a higher pumping intensity and a longer pumping distance for LD pumping. In regions without sufficient pumping intensity, the laser will suffer from re-absorption. For fibre-coupled LD-pumped systems, choosing a crystal that is as long as those used in fibre-laser-pumped systems would be inappropriate. To achieve the maximum total gain in the crystal, the crystal length and the pumping beam waist radius as well as its position in the crystal should be optimized according to the pumping power and the beam quality.
We used a 1470 nm continuous wave (CW) broadband LD (ES-6414-0010, QPC Lasers) coupled with a 200 µm diametre, 0.22 numerical aperture (NA) fibre as the pumping source. Although the nominal maximum power was 40 W, it could operate steadily at 48 W for quite some time. The crystal was a 3 × 3 × 25 mm 3 0.5 at. % Er:YAG crystal (Shanghai Daheng Optics and Fine Mechanics Co., Ltd.) with antireflection coatings on both surfaces to ensure higher than 99% transmission in the range of 1400-1700 nm. The length was nearly optimal, with some other considerations. For the given length, the optimal pump beam waist radius was calculated to be approximately 240 µm, and the pump beam position was approximately 11 mm behind the input surface of the crystal. In our experiments, we made both the radius and position tuneable to enable output optimization.
As shown in Fig. 1 , a folded cavity was designed to achieve a pulse width of ∼10 ns, which was determined based on the trade-off between the range resolution and the single-pulse energy required for our application. The size of the laser cavity mode was designed to match the size of pumping beam in the crystal and was nearly collimated in the rubidium titanyl phosphate (RTP) crystals and the polarized beam splitter (PBS) cube.
A pair of RTP crystals was used for electro-optical (EO) Q-switching and cavity dumping. A customized EO driver (EQ-10 KPW, Changchun XTECH Co., Ltd.) simultaneously supplied a high voltage to both crystals, with a maximum switching frequency of up to 9.5 kHz. The high voltage could be externally controlled with a falling edge of only a few nanoseconds. A functional waveform generator (33250A, Agilent) actively controlled the cavity-dumping frequency. A detector (DET10C/M, Thorlabs) monitored the pulse build-up in the cavity by detecting the leakage behind mirror M3 and to supply the cavity-dumping signal to the homemade trigger generator, which triggered the EO driver. Antireflection coatings were applied to cavity mirrors M1-M4 to provide 99.2% transmission at 1470 nm, whereas the reflectivity at 1645 nm was 99.4%. Most of the time, the cavity was open in preparation for the Q-switching process when the cavity loss was very high. Only when the high voltage was on was the cavity closed. At this time, the cavity loss dropped drastically within nanoseconds, from which laser photons started to build up in the cavity; the trigger detector (TD) monitored this build-up. With the establishment of a proper delay, the cavity was dumped out of the cavity when the photons inside reached their maximum level. A well-designed trigger system, which is the most crucial component of the entire laser, ensures that the laser operates steadily at a kilohertz repetition rate. Fig. 2 shows the output pulse energy and average power measured by a power metre (NOVA II, Ophir). The maximum pulse energy in our system was ∼1.6 mJ at repetition rates of 3 kHz and below, corresponding to a peak power of 0.16 MW, which is the highest peak power yet obtained from a LD-pumped kilohertz Er:YAG laser. As the cavity mode radius was only approximately 80 µm on mirror M1, pulse energy over 1.6 mJ damaged the mirror in our experiments. Thus, we had to limit the single-pulse energy to below ∼1.6 mJ to avoid mirror damage. For a pulse repetition rate of 3 kHz or lower, achieving a higher pulse energy was feasible. We got average power of 7.7 W at 9.5 kHz with 48 W LD pumping, before us, 6.6 W at 3 kHz was reported [12] . The maximum pulse energy at 5 kHz was approximately 1.45 mJ, which is the highest single-pulse energy reported to date for an Er:YAG oscillator with a repetition rate of 5 kHz and higher. A maximum optical-to-optical power efficiency of 16% was achieved for repetition rates of 7.5 kHz and 9.5 kHz; to the best of our knowledge, this is the best efficiency reported to date for a broadband LD-pumped Er:YAG pulsed laser. For repetition rates higher than 7.5 kHz, the maximum average output power remained almost the same, indicating that the energy extraction had reached its limit because of insufficient pumping; in future studies, this low pumping should be increased.
Results and Discussions
The dips in the middle of the energy curves originate from the mismatch between the pumping LD wavelength and the absorption peak of the Er:YAG crystal. The wavelength of the LD was optimized to match the absorption of Er:YAG at the maximum LD power by tuning the temperature of the LD cooling water. However, the LD wavelength shifted at lower power levels because the LD was not wavelength-locked. We measured the pumping power absorbed in the Er:YAG crystal in the non-lasing state; the results are shown in Fig. 3 . Measuring the pumping absorption during lasing is difficult because of the diverging pump laser and the long distance between M1 and M2. The relatively low absorption ratio can be attributed to the broadband spectrum of the LD. The absorption efficiency was found to be lower in the middle and showed a trend similar to that of the laser output. To prove it, the spectra of the LD at pumping power from low to the maximum was supplied in Fig. 4 . the spectrum shift from left to right along with the increasing of the LD output power. The measured absorption spectrum of our Er:YAG crystal was also supplied in the same figure. It is clear that the emission spectrum of the LD falls into the valley of the absorption spectrum when the LD is around 20-30 W. 5 shows the temporal profile of a pulse recorded by a biased PIN detector with a 2 GHz bandwidth (818-BB-30, Newport) and an oscilloscope with a 1 GHz analogue bandwidth (DPO7104C, Tektronix). The inset shows a pulse train at 9.5 kHz. Although we present results only for 9.5 kHz, the pulse shape and pulse train pattern were similar at other pulse repetition rates. The pulses in the tail resulted from a residual phase shift between the RTP pair due to failure to complete compensation of the natural birefringence of the RTP pair. In other words, the cavity could not open completely during dumping. As a result, some residual photons initially remained in the cavity and then gradually escaped in subsequent loops, leading to a pulse tail. Using a well-compensated RTP pair would greatly reduce the tail height. To eliminate the tail completely, the thermally induced birefringence in the Er:YAG crystal must also be considered. Moreover, the signal was overlaid with noise, which was coupled electro-magnetically from the EO driver, along with the rapid (nanosecond-scale) discharge from kilovolts voltage to zero when the cavity-dumping was switched on. The noise signal that was measured with the laser off is shown as the black curve in Fig. 4 . The pulse train is shown in the inset. Future efforts will be devoted to improving the cavity-dumped trigger control to optimize the stability.
From Fig. 4 it can be seen that the re-absorption of Er:YAG crystal is higher at 1617 nm than 1645 nm. While the emission cross-section is also higher at 1617 nm than in 1645 nm. Thus in Er:YAG lasers, lasing at 1617 nm usually emerges at higher pumping powers and lower pulse frequencies, at which the gain overcomes the loss which mainly caused by the self-absorption. The discussion on the condition for 1617 nm lasing was discussed by Setzler [6] . Because no wavelength control was adopted in this system, we measured the output spectra to check for lasing at 1617 nm. Fig. 6 shows the optical spectra measured using a spectrum analyser with a resolution of 0.2 nm (AQ6370C, Yokogawa). Two representative spectra at 0.5 kHz and 9.5 kHz are presented, which were measured when the output reached its maximum. The spectral width remained almost the same at ∼0.4 nm (FWHM) for both the lowest and highest pulse frequencies investigated in our experiments. Lasing at 1617 nm started to occur at 7.5 kHz, and its relative strength slowly increased as the repetition rate decreased. However, even at the lowest repetition rate of 0.5 kHz considered in our experiments, the peak at 1617 nm was still more than 20 dB lower than the peak at 1645 nm in the spectrum and could be neglected; this was later confirmed using a power metre (NOVA II, Ophir) with a grating. In addition, no 1655 nm component, which is a second possible type of emission from Er:YAG with a lower branching ratio than that of the 1617 nm emission, was ever observed at any of the tested frequencies [17] . By using a grating instead of the mirror M4, it will be easy to achieve narrow band single wavelength operation. In addition, we believe that it is possible to get one single wavelength (either 1645 nm, 1617 nm or 1655 nm) or dual-wavelength emission by inserting a FP plate in the cavity.
The beam quality was measured using an InGaAs camera (Xeva, Ophir). The camera recorded the beam at various positions near the focus. Then the M 2 factors can be calculated using the fitting 
Conclusion
In conclusion, a kilohertz cavity-dumped Q-switched Er:YAG laser with a pulse width of ∼10 ns (FWHM), which was resonantly pumped by a cost-effective broadband fibre-coupled 1470 nm LD, was demonstrated. After optimization of the pumping parameters, an average power of 7.7 W was generated at a pulse repetition rate of 9.5 kHz; this power is the highest average power reported to date for a LD-pumped Er:YAG laser operating at 1645 nm. In addition, a pulse peak power of 0.16 MW was obtained at repetition rates of 3 kHz and below; this power is the highest peak power reported to date for a LD-pumped kilohertz Er:YAG laser. Moreover, we obtained a pulse energy of ∼1.45 mJ at 5 kHz, which, to the best of our knowledge, is the highest singlepulse energy reported thus far for an Er:YAG oscillator with a repetition rate of 5 kHz or higher. Furthermore, the 16% conversion efficiency achieved at 7.5 kHz and 9.5 kHz is the highest efficiency yet reported for a broadband LD-pumped Er:YAG pulsed laser. In the future, efforts will be made to further increase the pulse energy, average power, and laser pulse stability. The pulse shape will be optimized to eliminate the tail pulses. In addition, wavelength control will be implemented to achieve single-frequency operation.
